Forty-six cultures of Listeria monocytogenes (including clinical, food and collection strains) were serotyped, characterized for motility, haemolysis and phospholipase activities and tested for lectin agglutination using a four-lectin set. Lectin reactivity (i.e. agglutination by one or more of the four lectins) was observed in all 12 clinical isolates, 16 of the 23 food isolates and eight of the 11 collection strains. Virulence was evaluated in witro based on strains' ability to invade the human enterocyte-like cell line Caco-2. In gentamicin survival experiments, recovery of viable intracellular bacteria among lectin-unreactive strains was usually 1 0~1 0 0 0 -f o l d lower than among lectin-reactive haemolytic strains, and lower than among nonhaemolytic strains. Considerable cytopathogenic effects were produced by lectin-reactive haemolytic strains in trypan-blue-stained cell monolayers, whereas lectin-unreactive and nonhaemolytic strains produced no detectable cytopathogenic effect. Among lectin-reactive strains, the number of listerial cells associated with Caco-2 monolayers was more than tenfold greater than among lectin-unreactive strains. Cell invasion was inhibited by pretreatment of Caco-2 cells with sugars recognized by the lectins or of listeriae with enzymes which removed the same sugars from the bacterial surface. The results suggest that the study of lectin interactions could be helpful in understanding the pathogenicity potential of isolates of food and environmental origin.
INTRODUCTION
In the last few years, several factors involved in the virulence mechanism of Listeria monocytogenes have been identified (Chakraborty & Goebel, 1988 ; Gaillard et al., 1991; Portnoy et al., 1992) ; nonetheless, the complete array of virulence factors involved is still unknown. Virulence is based on the ability of listeriae to enter professional and nonprofessional mammalian phagocytes : once ingested, the organism escapes from the phagocytic vacuole and invades the cytoplasm, where it multiplies freely and spreads to adjacent cells.
A mounting body of evidence points to a wide range of differences in the pathogenic potential of L. monocytogenes strains (Hof & Rocourt, 1992) . It has been Abbreviations: CPE, cytopathogenic effed(s); PI-PLC, phosphatidylinositol-specif ic phosphol ipase C.
suggested (Schlech, 1992 ) that some strains might be more pathogenic than others and perhaps require a lower infective dose to cause the disease, and that these strains might be responsible for epidemic disease in hosts who are substantially healthier than patients who develop sporadic listeriosis. Basic information pointing to different virulence levels comes from typing. Serotyping has shown that over 90% of isolates responsible for human listeriosis belong to only three (i.e. 1/2a, 1/2b and 4b) of the 13 serovars recognized within the species (Schuchat et al., 1991) . Molecular typing studies have reinforced this hypothesis. In particular, multilocus enzyme analysis has demonstrated that despite the large number of electrophoretic types found among L. monocytogenes isolates, only a few are responsible for the majority of cases of human listeriosis (Piffaretti et al., 1989; Bibb et al., 1990; Norrung & Skovgaard, 1993 (Hof & Rocourt, 1992) . We have recently used lectins -a class of specific sugarbinding proteins which recognize terminal carbohydrate residues on cell surfaces (Sharon & Lis, 1989) -to develop a microtitre assay by which the agglutination profiles of Listeria isolates can be determined and compared (Facinelli et al., 1994) . Important differences emerged in the lectin agglutination profiles of L. monocytogenes strains : overall, food and environmental strains appeared to be more heterogeneous than clinical strains in their interaction with lectins, probably due to a greater variability in their surface receptors. Interestingly, some food and environmental isolates (but no clinical strain) as well as a series of collection strains belonging to rare serotypes showed the no-agglutination pattern or were agglutinated only by ConA (the lectin from Canavalia ensiformis). These findings prompted the present investigation of possible relationships between lectin agglutination and virulence in L. monocytogenes. The human colon carcinoma enterocyte-like cell line Caco-2 appears to be a particularly reliable model to investigate the virulence of L. monocytogenes in vitro (Gaillard et al., 1987; Pine et al., 1991) , as considerable evidence points to the intestine as the usual site of entry of this organism (Gaillard et al., 1987; Chakraborty & Goebel, 1988) . Therefore, Caco-2 cells were chosen to study the virulence of L. monocytogenes strains exhibiting different lectin agglutination profiles. Only four of the five lectins of the original set (Facinelli et al., 1994) were used in the present study, as ConA appeared to be less specific in agglutinating listeriae. The results point to the involvement of surface carbohydrates in the virulence of L. monocytogenes. Most lectin-reactive L. monocytogenes strains (i.e. strains agglutinated by one or more of the four lectins) were able t o infect Caco-2 cells, whereas all lectin-unreactive strains (i.e. those showing the noagglutination pattern) were severely deficient in their ability to be internalized.
METHODS
Listerial strains. Forty-six strains of L. monocytogenes and three of L. innocua were studied (see Table 1 ). L. monocytogenes cultures consisted of 12 strains isolated from clinical specimens (one, An8, from a premature baby with congenital listeriosis, the remainder from adult listeric patients), 23 strains isolated from food (11 from meat, seven from soft cheese, four from butter, and one from fish), and 11 strains, including the type strain, obtained from the National Type Culture Collection (NCTC), London, UK. Two different phenotypes yielded by strain NCTC 7973 were used separately (see Results). The three L. innocua cultures, which included the type strain and two strains isolated from meat, were used as negative controls in virulence assays. Isolates were identified on the basis of standard criteria and procedures (Swaminathan et al., 1995) . Brain heart infusion (BHI) broth or agar (Difco) and blood agar base (BAB; Oxoid) supplemented with 5 YO defibrinated sheep blood were used for routine growth. All isolates were maintained in soft agar after the first isolation.
Strain characterization. Haemolytic activity was tested against sheep and horse blood in plates of BAB supplemented with 5 O/ O (v/v) saline-washed red blood cells, incubated for 48 h at 35 "C after inoculation. Motility was determined using a suitable semisolid test medium incubated at 25-30 "C. Lecithinase activity was tested by inoculating bacteria on LuriaBertani (LB) agar supplemented with 5% (v/v) fresh egg yolk (Kathariou et al., 1990) . Phosphatidylinositol-specific phospholipase C (PI-PLC) activity was determined as described by Notermans et al. (1991) . In both lecithinase and PI-PLC assays, plates were incubated overnight at 35 "C and then observed for opacity or turbid haloes around the colonies for several days at room temperature. For serological typing, standard determination of the antigenic structures of the clinical strains was carried out at the Listeria Referenz Laboratorium, Wiirzburg, Germany. Nonclinical strains were assigned to serotype 1 or 4 using listerial 0 antisera (Difco). Lectins and agglutination assays. The four lectins (Sigma) and their sugar specificities (Sharon & Lis, 1989) were:
Griffonia simplicifolia (GS-I), galactose (Gal) and Nacetylgalactosamine (GalNAc) ; Helix pomatia (HPA), GalNAc, N-acetylglucosamine (GlcNAc) , and Gal ; Ricinus communis (RCA-I), Gal ; and Triticum uulgaris (WGA), (GlcNAc) 1-3. The lectins were dissolved in phosphatebuffered saline (PBS; 0.05 M disodium phosphate, 015 M sodium chloride, pH 7.2) and stored at -20 "C. The lectin concentration of the stock solutions was 1 mg ml-'; the working concentration was 50 pg ml-'. Agglutination assays were performed as described previously (Facinelli et al., 1994) . Cells. The human colon carcinoma cell line Caco-2 (ATCC HTB37) was used between passages 28 and 45. The cells were routinely grown in 25 cm2 plastic tissue culture flasks (Corning) at 37 "C in a humidified atmosphere of 5% (v/v) CO, in air. The culture medium was Dulbecco's modified Eagle minimum essential medium (DMEM) containing 25 mM glucose, 4 mM L-glutamine, and 3.7 mg sodium bicarbonate (Gibco) ml-', with 1 YO (v/v) nonessential amino acids (Flow) and supplemented with 10% (v/v) foetal calf serum (Gibco), 100 U penicillin ml-' and 100 pg streptomycin ml-'. Infection of Caco-2 cells and recovery of viable intracellular bacteria by gentamicin survival assay. Confluent cell monolayers were trypsinized and adjusted to a concentration of 2.5 x lo5 cells ml-' in culture medium; 1 ml cell suspension was dispensed into each 22 mm well of a 12-well tissue culture plate (Corning) and incubated to obtain semiconfluent monolayers. Cells were washed with DMEM before infection. After overnight growth in BAB supplemented with 5 ' / t (v/v) sheep blood, listeriae were resuspended in PBS to OD,,, 06+002. Then 1 ml of the suspension, suitably diluted in DMEM, was added to each well to obtain a multiplicity of infection (m.0.i.) of about 30 bacteria per cell. Penetration was allowed to occur for 1 h at 37 "C in 5 ' KO CO,, then cell monolayers were washed three times and covered with 2 ml DMEM containing gentamicin at bactericidal concentration (10 pg ml-l) to kill extracellular bacteria. After 2 h at 37 "C in 5 % CO,, cells were washed three times and lysed in 1 ml Triton X-100 ( 0 1 % in cold sterile water) and c.f.u. of viable bacteria were counted by plating suitable dilutions of the lysates on BHI agar and incubating for 3 6 4 8 h at 35 "C. Results were expressed as percentages of initial inoculum. Experiments were carried out in triplicate and repeated three times for each strain. Evaluation of bacteria associated with infected cells. At the end of the 1 h infection period, bacteria associated with Caco-2 monolayers (i.e. attached to the surface, at some stage of internalization or internalized) were evaluated both as c.f.u.
and by Gram staining. In both cases, infection of Caco-2 monolayers was performed as described above. Cells were then either lysed in the Triton solution or fixed with methanol for Gram staining. In the former experiments, c.f.u. were counted as described above; in the latter, stained monolayers grown on slides (SlideFlask, Nunc) were examined microscopically. The percentage of Caco-2 cells with associated bacteria was determined by counting all Caco-2 cells in ten random microscopic areas : a positive result was scored when there was at least one listerial cell per Caco-2 cell. The number of cell-associated bacteria for each strain was determined by examining 100 cells. Cytopathogenic effects (CPE) in Caco-2 monolayers. The ability of listerial strains to cause CPE in Caco-2 monolayers was evaluated by the trypan blue assay as described by Pine et al. (1991) . Caco-2 monolayers were grown on SlideFlask and infected as described above. Control cultures received DMEM without bacteria. At the end of the 1 h infection period, the supernatant was removed and the monolayer washed and covered with DMEM supplemented with gentamicin (10 pg ml-l). After overnight incubation at 37 "C in 5 % CO,, 1 ml of a 04% solution of trypan blue (Gibco) was added to the culture medium and cells were left at room temperature for 30 min. The culture medium with the dye was then removed, and the monolayers were photographed at x 100 magnification by inverted microscopy with Kodak TMAX 100 professional film. CPE were rated on a relative scale of 0 to 5, where 0 was equal to a CPE similar to that seen with the uninfected control and 5 equal to the maximal CPE observed. Infection inhibition studies. Three sugars (Gal, GalNAc and GlcNAc, specifically recognized by the lectins used), three specific exoglycosidases [ 1-3,6-a-galactosidase (New England Biolabs), N-acetyl-a-galactosaminidase (New England Biolabs) , and N-acetyl-B-glucosaminidase (Sigma)], and sodium periodate (Sigma) were tested in infection inhibition studies.
In sugar inhibition experiments, Caco-2 cells were incubated before infection with 0 5 ml sugar-supplemented (02 M) DMEM for 30 min at 37 "C in 5 ' / o CO,. Then 0.5 ml inoculum (m.0.i. 10 bacteria per cell) was added and penetration allowed to occur for 1 h. The gentamicin survival and trypan blue assays were conducted as described above. 1-3,6-a-Galactosidase (4 units ml-l), N-acetyl-a-galactosaminidase (0.4 units ml-l), and N-acetyl-B-glucosaminidase (2 units ml-l) were used in the buffers recommended by the manufacturers; sodium periodate was used as a 10mM solution in PBS. In these experiments, listeriae were grown overnight in BAB supplemented with 5% (v/v) sheep blood, washed with PBS and resuspended in 1 ml enzyme-or periodate-containing solution. After 30 min incubation (at 37°C for exoglycosidases, at room temperature and in the dark for periodate), the listeriae were washed three times with PBS, diluted in DMEM, then used to infect Caco-2 cells in the gentamicin survival assay as described above. Statistical calculation. Differences among groups were compared by one-way analysis of variance. Significance was established at P < 0.05. As reported by Pine et al. (1987) , L. monocytogenes N C T C 7973 gave rise to both haemolytic and nonhaemolytic colonies ; the two phenotypes were isolated, marked 7973hly + and 7973hly -, and used separately.
RESULTS

Characteristics of strains and lectin agglutination
L. monocytogenes N C T C 10357T (as already reported by Kathariou & Pine, 1991) , N C T C 10528 and food isolate 42a were nonhaemolytic on both horse and sheep blood agar. All the other strains of L. monocytogenes were haemolytic on both sheep and horse blood agar. With the only exception of strain N C T C 10357T (again confirming the report by Kathariou & Pine, 1991) 
Bacterial association with infected Caco-2 monolayers
Bacteria associated with Caco-2 monolayers were evaluated after 1 h infection by determining c.f.u. and by microscopic examination of Gram-stained monolayers. Eleven lectin-reactive (Mo3, Bg37, 23a, 46a,  tIsolated in the course of an outbreak of foodborne listerial gastroenteritis (Facinelli et af., 1994; Salamina et af., 1996) . *Resistant to kanamycin, streptomycin, and sulfamethoxazole (Facinelli et af., 1991) . $Associated with a case of meningitis (Facinelli et af., 1989 (Facinelli et af., , 1994 .
)I Carrying ermC-mediated, transferable erythromycin resistance (Roberts et af., 1996) .
9 Avirulent strain (Baldridge et af., 1988; Pine et al., 1991) . # Associated with a case of meningitis (Anonymous, 1986) .
ND, Not determined.
** Carrying TetM-mediated, transferable tetracycline resistance (Biavasco et af., 1996; Facinelli et af., 1993) . gentamicin (referred to initial inoculum) are shown in Fig. 1 . Among clinical isolates they ranged from a minimum of 006% up to 2.35% of initial inoculum, while among both food and collection strains the range started from considerably (approximately 100-fold) lower minimum percentages.
The haemolytic strains of L. monocytogenes included both lectin-reactive and lectin-unreactive strains.
Among the 33 reactive strains, 26 were agglutinated by WGA, 17 by GS-I, 26 by RCA-I, and nine by HPA. This group, which contained all 12 clinical isolates, also included 11 food isolates (out of 15) and five collection strains (out of six) which gave percentages of recovery >0.6%, i.e. similar to those obtained with clinical strains. By contrast, all nine lectin-unreactive haemolytic strains exhibited recovery percentages as low as Pd17; 6, Bg37; 7, Bg38; 8, Bg43; 9, Bg44; 10, Bg45; 11, Mo54; and 12, Bo71. Food strains: 13, lc; 14, 2w; 15, 5c; 16, l l a ; 17, 12a; 18, 18f; 19, 18int; 20, 2Oa; 21, 23a; 22, 24a; 23, 29a; 24, 33bf; 25, 33w; 26, 38a; 27, 42a; 28, 43a; 29, 46a; 30, 47a; 31, 51a; 32, 57a; 33, 55p; 34, 119a; and 35, 120a 
Relationship between cytopathogenicity and lectin agglutination
The viability of infected Caco-2 cells was assessed with trypan blue, which stains dead cells but is actively excluded from viable eukaryotic cells. The same 11 lectin-reactive and six lectin-unreactive strains of L. monocytogenes used in association experiments were examined. A wide range of responses was produced (Fig.  2) . The monolayers infected with lectin-reactive strains other than the nonhaemolytic strain 7973hly-and the haemolytic avirulent strain NCTC 5105 displayed CPE ranging from large, almost contiguous stained areas to scattered clusters of stained cells. Those infected with lectin-unreactive strains as well as with strains 7973hly -or NCTC 5105 were indistinguishable from uninfected control monolayers.
Inhibition of cell invasion by sugars, exoglycosidases and sodium periodate
These studies were carried out using L. monocytogenes NCTC 11994. Sugar inhibition experiments were performed by assessing both the rate of recovery of viable bacteria from infected Caco-2 cells following incubation with gentamicin and the production of CPE in infected cell monolayers. Prior to infection, cell monolayers were incubated with three separate sugars specifically recognized by the lectins used (Sharon & Lis, 1989) : Gal (GS-I, RCA-I, and HPA) , GlcNAc (WGA and HPA), and GalNAc (GS-I and HPA). In the gentamicin survival test, the recovery of viable bacteria was consistently inhibited by the three sugars (Table 2 ). In the trypan blue test, only a few scattered clusters of dead cells were observed in the presence of the sugars (Fig. 3 ).
Other inhibition experiments were carried out in gentamicin survival tests by pretreating bacterial cells (NCTC 11994) with three separate exoglycosidases (specific for the same three above sugars) and with sodium periodate (which oxidizes sugars nonspecifically). The recovery percentages of viable intracellular bacteria from Caco-2 monolayers infected with enzyme-or periodate-pretreated listerial cells were consistently lower (by 50-80Yo) than the control (Table 3) .
DISCUSSION
This study was devised to investigate possible relationships between lectin reactivity and virulence among clinical and nonclinical isolates of L. monocytogenes. Lectin reactivity was studied using four lectins from a set which in previous studies had enabled us to show that Listeria strains exhibit a variety of lectin agglutination patterns, and that clinical isolates are uniformly lectinreactive as well as more homogeneous than food and environmental strains (Facinelli et al., 1994) . Virulence was evaluated using the human enterocyte-like cell line Caco-2, which has previously been employed as an in uitro model for the study of penetration and intracellular growth of L. monocytogenes (Gaillard et al., 1987) and the differentiation of virulent and avirulent Listeria strains (Pine et al., 1991) . On the whole, our findings demonstrate greater lectin reactivity among virulent than avirulent strains, indicating that the study of lectin interactions might be helpful in understanding the pathogenicity potential of isolates of food and environmental origin.
In Caco-2 assays, intracellular invasion was established on the basis of the percentage of survivors (referred to initial inoculum) recovered after treatment with a bactericidal concentration of gentamicin, which is unable to reach intracellular bacteria. Among lectinunreactive strains, the rate of recovery of viable L.
On: Sat, 27 Jul 2019 22:35:25 B. FACINELLI a n d OTHERS monocytogenes cells was usually 100-1000-fold lower than among lectin-reactive haemolytic strains, and lower than among nonhaemolytic strains. Only with L. innocua strains were percentages of recovery lower. It has been previously shown that nonhaemolytic L. monocytogenes mutants are internalized by Caco-2 cells at the same rate as haemolytic strains, but that afterwards they are almost completely unable to grow intracellularly (Gaillard et al., 1987; Kuhn et al., 1988; Kathariou et al., 1990) ; by contrast, nonpathogenic Listeria species, including L. innocua, simply fail to be internalized (Gaillard et al., 1987) . Therefore, the internalization rates of haemolytic lectin-unreactive isolates of L. monocytogenes -which are lower than those of nonhaemolytic strains but higher than those of L. innocua strains-are consistent with a low rate of internalization by Caco-2 cells.
Based on the observation (Gaillard et al., 1987) that in gentamicin survival tests the number of intracellular listeriae may be overestimated because a fraction of extracellular bacteria may remain viable despite the incubation with the antibiotic, as well as underestimated, due to possible cellular detachment from the L. monocytogenes virulence and lectin reactivity None (control) 1-3,6-a-Galactosidase strains and by a minority of haemolytic strains behaving as avirulent in vitro, including the well-known avirulent strain NCTC 5105 (Baldridge et al., 1988; Pine et al., 1991) . This suggests that among Listeria isolates lectin reactivity is necessarily associated with, but insufficient for, pathogenicity.
The relationship between lectin reactivity and virulence of L. monocytogenes may reflect the role of some sugars that are present on the listerial surface; these sugars could bind specific sites at the eukaryotic cell surface, this interaction being essential for efficient internalization. This is confirmed by the significant inhibition of cell invasion resulting from (i) the saturation of lectinlike sites at the Caco-2 surface by sugars specifically bound by the lectins used, and (ii) the enzymic removal or modification of the same bacterial surface sugars before Caco-2 infection. This possibility is consistent with recent data suggesting that bacterial carbohydrates may have a significant role in the recognition process by eukaryotic cells (Mandrel1 et al., 1994) .
